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ABSTRACT

This manuscript presents a first study of the contamination observed on some of the x-ray mirrors for the Linac Coherent
Light Source (LCLS) free-electron laser, the implications to the mirror lifetime properties and an evaluation of candidate
techniques towards successful recovery of these B,C- and SiC-coated mirrors. Initial experimental results and plans for
upcoming mirror recovery experiments are discussed. A summary of experimentally determined FEL damage thresholds
of B,C and SiC materials is also given, and their wavelength dependence is discussed.
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1. INTRODUCTION

The world’s first x-ray free-electron laser (FEL) facility, the Linac Coherent Light Source (LCLS) at the SLAC National
Accelerator Center has been operational since 2009. Its unprecedented brightness, coherence, and resolution properties
are already enabling groundbreaking discoveries in the fields of physics, materials and life sciences®. The LCLS emits
100 femtosecond monochromatic x-ray pulses of extremely high brightness [10* photons sec™ mm™ mrad(0.1%
bandwidth) '] in the 0.827 to 8.27 keV photon energy region (in the 1% harmonic) and is divided into two “branches”: the
soft x-ray branch, 0.827 to 2 keV and the hard x-ray branch, 2 keV to 8.27 keV, which can be extended to 24 keV if the
3" harmonic is used. At the exit of the LCLS undulators, in an area referred to as the Front End Enclosure (FEE),
grazing incidence x-ray mirrors are used as low pass-filters to spectrally and physically separate the coherent FEL beam
(before it enters the experimental areas) from high-energy spontaneous radiation, bremsstrahlung, y-rays and their
secondary products. More specifically, a set of four soft x-ray mirrors are used in the FEE to direct the FEL beam to the
soft x-ray materials science (SXR) and the atomic, molecular and optical science (AMO) experimental stations. A set of
two hard x-ray mirrors are used in the FEE to direct the FEL beam to the x-ray pump-probe (XPP), x-ray photon
correlation spectroscopy (XPCS), coherent x-ray imaging (CXI) and materials under extreme conditions (MEC)
experimental stations. Moreover, the experimental stations are employing additional x-ray optics as mirrors and gratings:
two focusing mirrors are used at the AMO beamline, three mirrors and two gratings are used at the SXR beamline. In the
hard x-ray branch, the CXI beamline uses two pairs of focusing mirrors and the MEC beamline uses one mirror. New
experiments are also planned that will employ additional x-ray mirrors.

B,C and SiC were chosen as the reflective coating materials for the LCLS soft x-ray and hard x-ray optics respectively,
due to their predicted high damage thresholds against the LCLS FEL beam compared to other coating materials,
combined with the good reflective performance and absence of electronic absorption edges in the 0.827-2 keV (for B4,C
in the soft x-ray) and 2 -24 keV (for SiC in the hard x-ray) energy ranges of operation. Our group at Lawrence Livermore
National Laboratory (LLNL) has led a team composed of national laboratories and industry in the design, specification,
fabrication, coating and precision surface metrology of all the x-ray mirrors installed at LCLS, and these topics are
discussed in detail in earlier references®***®’, The B,C and SiC coatings of the LCLS x-ray mirrors were developed at
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LLNL and were deposited by DC-magnetron sputtering® on precisely figured and polished Si substrates supplied by
commercial vendors.

Section 2 in this manuscript presents experimental data on the first observations of contamination on the surface of the
LCLS x-ray mirrors currently in operation and explains the need to extend the lifetime of the LCLS mirrors and recover
their original performance. Section 3 presents a summary of proposed mirror recovery strategies. Initial experimental
data and work-in-progress on candidate recovery methods are also presented. Section 4 discusses experimentally
determined FEL damage thresholds of B,C and SiC bulk and thin film materials, and their implications in the design of
the LCLS x-ray optics. Section 5 is a summary and plans for future work.

2. LIFETIME ISSUES OF LCLS X-RAY MIRRORS

The AMO beamline was the first to become operational at LCLS in 2009, and has since been used in scientific
experiments that are leading to exciting discoveries in the fields of atomic and molecular x-ray physics®. After about 9
months in operation, a line-shaped blemish was observed by visual inspection on the B,C-coated Kirckpatrick-Baez
(KB) focusing mirror M2 at the AMO beamline. The blemish was located near the center of the mirror and had the shape
of the footprint of the incident FEL beam. The appearance of the blemish, as seen by an optical profiling microscope, is
shown in Figure 1. A set of two secondary blemish lines, not seen visually and located about 6 mm away from the center
of the mirror in the saggital direction, were also revealed by the measurements and are shown in Figure 1. These
secondary blemishes may have formed during alignment and testing of the mirror at the AMO beamline. Contact
profilometry measurements using a Tencor P-11™ instrument on a YAG witness piece located upstream from the M2
mirror in the AMO beamline confirmed that the blemish was indeed a deposit (i.e. positive height), with a thickness
varying between 15 and 38 nm (depending on location) on the main stripe. The actual M2 mirror blemish was not
measured by contact profilometry, to avoid the risk of compromising the condition of the mirror reflective surface. To
elucidate the nature of the blemish, Rutherford Backscattering (RBS) and X-ray photoelectron Spectroscopy (XPS)
analysis of the blemish region on the witness YAG piece were performed at Evans Analytical Labs (Sunnyvale,
California). RBS detected 100% carbon across 15 nm estimated blemish thickness. XPS was performed at 45 degrees
take-off angle and showed atomic concentrations of 87% C, 12% O and 1% Si across about 5 nm depth of information.
Regarding chemical state, XPS found that the blemish was composed primarily of carbon species including hydrocarbon,
O-containing organic species and possibly elemental carbon (e. g. graphite), while Si was found as SiO,.
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Figure 1: Optical profilometry measurements (Zygo NewView™) of the main (left) and secondary (right) blemish stripes
obtained on the M2 KB focusing mirror at the AMO beamline. The horizontal direction in the images is the tangential
direction on the mirror surface, and the vertical direction is the saggital. It should be noted that the optical profilometry
instrument assumes the same index of refraction for the coated surface and “blemish” materials. If there is a significant
difference between the two indices, then there is a corresponding error bar associated with the heights depicted in the
measurements above.



Similar blemishes have been observed on other B,C-coated soft x ray mirrors at LCLS, including transport mirrors in the
FEE and focusing mirrors at the beamlines. All of the LCLS mirrors could eventually be affected, including the SiC-
coated mirrors installed at the LCLS hard x-ray branch. C-based deposits have been observed repeatedly on x-ray mirrors
in other facilities such as synchrotrons and are attributed to the photon beam impact combined with environmental
conditions. Although they may be mitigated, ultimately they cannot be avoided even in the lowest and cleanest possible
vacuum conditions. The extremely high brightness of the LCLS FEL beam (about 10 orders of magnitude higher than 3"
generation synchrotron sources) presumably makes the mirrors highly susceptible to the buildup of such C-based
contamination on the reflective surface. It is expected that at some point the C blemish will degrade the mirror’s
reflective performance to an unacceptable level, especially the preservation of the coherent wavefront which is of the
highest importance at the LCLS. A few re-alignment iterations of the FEL beam on the mirror will be possible before the
entire clear aperture of the mirror is fully degraded. At that point the mirror would have to be replaced. Nevertheless, the
mirrors could be saved if adequate recovery techniques were developed.

3. MIRROR RECOVERY STRATEGIES AND FIRST EXPERIMENTAL RESULTS

While considering appropriate strategies to recover the B,C- and SiC-coated mirrors at the LCLS after the beam-
induced, C-based surface contamination discussed in the previous Section, we organize the candidate recovery strategies
into two main categories: A) Techniques that could remove the C-based blemish while preserving the B4,C (or SiC)
reflective coating and B) techniques that could remove both the blemish and the reflective coating, and recover the Si
substrate, which would then have to be re-coated. In option A, the main challenge is that C is a constituent of both the
blemish that needs to be removed, and of the carbide reflective coating that needs to be preserved. Among the techniques
considered within option A are ultraviolet (UV)-ozone cleaning (also used widely to clean C contamination from
synchrotron mirrors), and plasma cleaning techniques utilizing atomic hydrogen or atomic oxygen. The requirements for
successful implementation of a cleaning technique in option A would be to preserve the x-ray reflectance, FEL damage
threshold and thickness uniformity of the reflective coating, and avoid any material growth (e.g: oxides), erosion,
roughening and chemical reactions. Furthermore, if a technique within option A were deemed successful, it would be
highly desirable if it could also be implemented in-situ with the mirrors installed at LCLS. In option B, we considered
release under-layers (that would be deposited underneath the reflective carbide coating and would be later used to
remove the coating), and chemical etching. Finally, UV-ozone could also be considered as a candidate technique within
option B if one could demonstrate that it can be used to remove the entire reflective coating successfully. The
requirements for successful implementation of a mirror recovery technique in option B is the complete removal of the
reflective coating and C-based deposit, the preservation of the figure, roughness and composition of the Si substrate and
the avoidance of material growth, substrate erosion and chemical reactions on the substrate. Among the disadvantages of
recovery methods within option B is the fact that they are not feasible in-situ and the need for re-coating of the Si
substrate.

We began our investigation of recovery strategies by focusing first on the B,C-coated, soft x-ray LCLS mirrors. These
mirrors were installed earlier, have been operational for a longer time and may thus need to be replaced sooner compared
to the hard x-ray, SiC-coated LCLS mirrors. We first attempted to implement the UV-ozone cleaning technique using a
commercial, low-pressure mercury UV lamp located at the Center for X-ray Optics at Lawrence Berkeley National
Laboratory (LBNL). The lamp emits UV radiation at two wavelengths, 184.9 and 253.7 nm, and uses oxygen from the
air to simultaneously produce and decompose ozone to obtain oxygen atoms, which react with hydrocarbons to form
volatile species (CO, CO,, H,0)™. This technique was applied first on the YAG witness piece with the C blemish
discussed in the previous Section. After 27 hours of UV-o0zone exposure, the blemish was completely removed from the
YAG surface, as verified by visual inspection. The next logical step would be to apply the same UV-0zone exposure on a
B,C-coated test sample with a C deposit, formed after exposure to LCLS FEL radiation. Since such a test sample was not
available at that time, the 27-hour UV-0zone exposure was applied on a 100 mm x 25 mm B,C-coated Si wafer piece,
as-deposited (no blemish). The deposition parameters of the test B,C coating were identical to those of the B,C coating
on the LCLS mirrors. The aim of this experiment was simply to observe the effect of UV-ozone exposure on the B,C
coating, in order to understand what would ultimately be the effect on a B4,C-coated LCLS mirror, outside the blemished
region. The following measurements and analysis were performed on the test sample before/after UV-ozone exposure:
(a) extreme ultraviolet (EUV) reflectance measurements at 91.84 eV (13.5 nm) at beamline 6.3.2. of the Advanced Light
Source synchrotron, LBNL, to assess the film thickness, (b) x-ray reflectance measurements at beamline 6.3.2. to assess



the reflective performance of the B,C coating at 900 eV (1.38 nm), one of the LCLS photon energies and (c) 10x10 pm?
and 2x2 um? Atomic Force Microscopy (AFM) measurements for the high-spatial frequency roughness o of the coating.
The AFM instrument was a Digital Instruments Dimension 5000™, equipped with an acoustic hood and vibration
isolation, resulting in a noise level of 0.03 nm rms. The AFM instrument is operated in tapping mode which measures
topography in air by tapping the surface with an oscillating probe tip. The probe tips were etched silicon, with a nominal
tip radius of 5-10 nm. Data from each of the 2x2 um?and 10x10 um? AFM scans were stored in a 512x512 pixel array.
o was computed through power spectral density (PSD) analysis of the AFM data. The PSD was formed by first
calculating a two-dimensional Fourier power spectrum of the height data in each of the AFM scans™! and the spectrum
was then averaged azimuthally around zero spatial frequency to produce a PSD with purely radial spatial frequency
dependence. This approach works well for quasi-isotropic surfaces. The root-mean-square (rms) roughness o is obtained
by the expression

f,
o= jZﬂfS(f)df , 1)
fy

where f is the spatial frequency, S(f) is the surface PSD, and fy, f, define the spatial frequency range of interest. For the
high-spatial frequency roughness, where f, = 5x10* nm™and f,=5x102 nm™, o was computed according to eq. (1) by
combining PSD curves from the 10x10 um?and 2x2 um® AFM scans.

The results from the reflectance and AFM measurements are shown in Figures 2 and 3, respectively. The 27-hour UV-
0zone exposure appears to degrade the B4C coating roughness from 0.47 nm to 2.74 nm rms, as shown in Figure 3,
while the thickness of the coating appears to have been reduced from 54.8 nm (as deposited) to 20.5 nm (after exposure),
as shown in Figure 2. The AFM-measured roughness shown in Figure 3 was used in the fits of the EUV reflectance data
shown in Figure 2, and the results are self-consistent. The x-ray reflectance data in Figure 2 show a reduction in
reflectance from 0.86 to 0.75, measured at 900 eV and 0.8 degrees, the angle of incidence of the LCLS soft x-ray
mirrors. The fits to the EUV and x-ray reflectance data were performed using the IMD software package®?. RBS and
depth-sputter XPS analyses were also performed on the sample after UV-0zone exposure to assess its atomic and
chemical composition, and were compared with earlier RBS and XPS results from as-deposited B,C coatings. The RBS
analysis revealed an overall atomic composition of B=58%, C=30% and O=12%. The same RBS analysis on an as-
deposited B,C film gave B =74%, C=20% and O=6%. These results show that the coating became C- and O-rich after
UV-o0zone exposure. The XPS analysis revealed non-uniform composition across the film thickness after UV-ozone
exposure, with the top 3 nm being O-enriched as B,0s. To confirm the B,C coating thickness reduction observed after
the 27-hour UV ozone exposure, a second B4C-coated Si wafer piece (a half section of a 100-mm diameter Si wafer)
with as-deposited coating thickness of ~ 60 nm was exposed for 44 hours. The sample had a 5-mm wide un-coated strip
across its center, which served as a “step” for contact profilometry measurements, to assess the thickness of the coating
before and after exposure. AFM measurements were also performed on this sample before and after exposure. The
results for the thickness d and high-spatial frequency roughness o after 44 hours of UV-0zone exposure are shown in
Figure 3. The B,C coating appears to be almost entirely removed, with measured thickness d less than 1nm and
roughness o= 0.6 nm rms. It is also interesting to note the evolution of high-spatial frequency roughness o of the B,C
coating in Figure 3, from 0.47 nm rms (as-deposited) to 2.74 nm rms when about half of the coating thickness has been
removed, to 0.6 nm rms when the coating is almost entirely removed, the latter result showing that after 44 hours of
exposure the residual B,C thickness is equal to the rms roughness. This experiment confirmed that UV-ozone treatment
can indeed remove a ~ 55 nm-thick B,C coating from the Si substrate and is thus a promising candidate for recovery of
the Si substrates of the LCLS soft x-ray mirrors. Further experiments are planned to fully understand the mechanisms of
the B,4C coating removal. We currently believe that formation of C- and B- volatile compounds are possible mechanisms.
Moreover, further work is needed to figure out how to remove completely the < 1 nm rms residual B,C coating from the
Si substrate and ensure the process is scalable to the full size of the LCLS mirrors, which range from 175 to 450 mm in
length.

In the case of the SiC-coated mirrors of the LCLS hard x-ray branch, we first attempted to employ atomic oxygen plasma
cleaning as a candidate technique for removal of the C deposit, while preserving the rest of the SiC reflective coating. In
this method, plasma generated atomic oxygen reacts with hydrocarbons to form volatile species (CO, CO,, H,0), which
are pumped away. Commercial devices employing this technique are available and have been used to remove
hydrocarbon contamination from Si-capped EUV multilayer mirrors®. For our first experiments we employed a reactive



glow discharge source available at Brookhaven National Laboratory (BNL), which has been used successfully in the past
to clean similar C-based blemishes from Au- and Ni-coated synchrotron elements™. The samples used in our first
experiments were 100 mm x 25 mm SiC-coated Si wafer pieces, with coating properties identical to those of the SiC
coatings of the LCLS mirrors. The first exposures to the BNL reactive glow discharge source resulted in roughening of
the SiC coating from 0.18 to 0.44 nm rms and in incorporation of materials from the steel electrode and exposure
chamber (Fe, Cr, Ni) into the coating. The x-ray reflectance of the SiC coating was also degraded. We believe that RF
power needs to be reduced and possibly other exposure parameters need to be optimized, in order to further explore the
potential of this technique as a recovery candidate for the LCLS hard x-ray mirrors. Moreover, we plan to also explore
hydrogen plasma cleaning as a candidate technique for LCLS mirror recovery.
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Figure 2: EUV (left) and x-ray (right) reflectance measurements and fits from a B,C-coated Si wafer, before and after
UV-ozone exposure for 27 hours. The B4C coating thickness d is fitted from the EUV reflectance measurements in each
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Figure 3: PSD curves and high-spatial frequency roughness o values derived from 2x2 and 10x10 um® AFM data are
shown for B,C coatings at different stages of UV-ozone exposure. The thickness d of each B,C coating, as determined
through fitting of EUV reflectance data or through contact profilometry measurements, is also noted in each case.



4. FEL DAMAGE EXPERIMENTS

To determine the experimental damage thresholds of B,C and SiC materials, several experiments spanning the photon
energy range from 38.7 eV to 830 eV (32 nm to 1.5 nm) have been performed at the LCLS and FLASH FEL
facilities>*°. The results are summarized in Figure 4 below. One trend that is apparent in Figure 4 is that the single-pulse
FEL damage thresholds are somewhat higher for bulk than for films. This effect can be understood if one considers that
the 1um-thick B,C and SiC magnetron sputtered films that were used in these studies have lower densities (90-95% of
bulk) and amorphous morphology’ compared to their bulk counterparts, which are crystalline. Another general trend that
can be seen in Figure 4 is that the damage thresholds for both bulk and thin film B,C and SiC materials are close to the
theoretically predicted damage thresholds, which justifies the principles used for LCLS optics design and materials
selection®*®’. An important element to consider is the mechanisms that lead to damage in the photon energies of the
FLASH vs. the LCLS FEL facilities. In the EUV energies at FLASH, photoionization processes involve mostly valence
electrons excited into the continuum, and the radiation penetration depths are relatively shallow, leading to small
interaction volumes of the FEL radiation with the material. Damage mechanisms in the EUV were thus found to be
dominated by roughening, extrusions, and ablation processes, depending on energy dose. At the x-ray energies of the
LCLS FEL however, photoionization involves inner-shell electrons which are accompanied by Auger electron emission
and local heating. Penetration depths are larger for the LCLS x-rays, leading to larger interaction volumes and
mechanical damage which appeared as formation of severe cracks for example®>*°. Further damage experiments are
currently planned at both LCLS and FLASH FEL facilities, involving B4C and SiC materials in a variety of experimental
configurations.
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Figure 4: A summary of experimental damage thresholds of B,C (left) and SiC (right) is shown, for bulk (open circles)
and thin films (solid points), obtained at normal-incidence, single-pulse mode at the LCLS and FLASH FEL facilities.

5. SUMMARY AND FUTURE WORK

Establishing the capabilities to recover the approximately 20 B,C- and SiC-coated LCLS x-ray mirrors after inevitable
FEL beam-induced contamination should be a high priority. A survey of candidate techniques and initial experimental
results indicate a few possible avenues towards recovering the LCLS mirrors. Additional experiments are planned to
optimize these techniques and ensure they are successful and scalable to full mirror size. Experimental results at the
LCLS and FLASH FELs demonstrate strong wavelength dependence of FEL damage thresholds and justify the selection
of B4C and SiC as coating materials for the LCLS x-ray mirrors.
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